A rectangle disbonded coating simulation device was used to research the effect of sulfate reducing bacteria (SRB) on the metallic corrosion behavior under disbonded coating by the electrochemical method. The results showed that the metal self-corrosion potential at the same test point had little change in the initial experiment stage, whether the solution was without or with SRB. The potential amplitude in the solution with SRB was larger than that without SRB in the later corrosion period. The corrosion current density of the metal at the same test point increased gradually over time in the solution with or without SRB, and SRB could accelerate the corrosion of the metal in the disbonded crevice. The metal self-corrosion potential in the crevice had little change in the SRB solution environment after adding the fungicide, but the corrosion current density decreased significantly. That meant the growth and reproduction of SRB were inhibited after adding the fungicide, so the metal corrosion rate slowed down. Among the three kinds of solution environment, increasing the coating disbonded thickness could accelerate the corrosion of the metal in the crevice, and it was the largest in the solution with SRB.
Introduction
With the rapid development of buried pipeline construction, more and more attention had been paid to the problem of pipeline corrosion [1] [2] [3] [4] [5] . The buried pipelines were arranged in a crisscross pattern, and this would cause fire and explosion once they start to corrode and leak; that would threaten the personal safety and cause environmental pollution. The anticorrosion coating of the buried pipeline often had disbonded area with broken open holiday due to the mechanical damage, aging and degradation, cathodic disbondment, and other reasons in the process of pipeline installation and using [6] [7] [8] . It formed the special corrosive environment between the anticorrosion coating and pipeline surface, and the moisture, the soluble ion like CO 2 and O 2 and other corrosive media in the soil got into the disbonded area through the holiday; that caused the corrosion of the metal under the disbonded coating [9] [10] [11] . A large number of studies showed that the content of moisture and bacteria in the backfill soil was more than that in the original uncultivated soil, and that would cause microbial corrosion (MIC) due to microbial activity under disbonded coating [12] [13] [14] . The sulfate reducing bacteria (SRB) as a kind of microorganism widely existed in soil, sea, river water, underground pipeline, oil gas well, and so on, and they made the pipeline more prone to perforation in the solution with SRB. So the metal corrosion caused by SRB in recent years was taking more and more attention; there have been massive researches about SRB corrosion on emergence [15] [16] [17] [18] and some reporting about metal corrosion under disbanded coating [19, 20] , but up to now, there was no study on the SRB corrosion behavior under disbonded coating. Therefore, we built a rectangle crevice device for the metal corrosion under disbonded coatings and researched the regularity of SRB corrosion on 
(8)
(9) (10) the metal under disbonded coatings by the electrochemical method. It is meaningful to the safe operation and long-term service of the pipeline in the soil environment. Figure 1 ; we use the epoxy resin plate and organic glass plate of 30 cm × 10 cm × 0.5 cm while simulating the situation of coating disbonded, also we put a gasket of 0.5 mm thickness between them for regulating the thickness of simulation stripping gap. We drill a round hole of 1 cm diameter as point 1 to simulate coating damage point on organic glass plate near the end of 7 cm and drill the round holes of 0.5 cm diameter at 80 mm and 160 mm from the damaged point, respectively, as the electrochemical parameters test point 2 and point 3.
Experiment Content

Experimental Device. Experiment device was shown in
We set an organic glass box on point 1 of the organic glass plate to contain simulated soil solution and set the working electrodes, respectively, in the epoxy resin plate with points 1∼3 in the organic glass plate while simulating the pipeline metal under the disbonded coating.
The Experimental Material.
The working electrode was made from X80 steel, and its chemical composition was shown in Table 1 . The sample was made of the small cylindrical specimens, 10 mm diameter, and the electrode surface was polished successively with 60#∼2000# sandpaper by MP-2 metallographic sample pregrinding machine until the metal surface was smooth and there were no obvious signs; then we washed away the surface oil with acetone and washed away the surface residues water and acetone with anhydrous ethanol and then put it into the drying box for use. The reference electrode was saturated calomel electrode (in this paper, if there were no special instructions, the potential was defined relatively to the saturated calomel reference electrode). The auxiliary electrode was platinum electrode.
The composition of the solution was as follows: 0.1712 g Na 2 SO 4 , 0.1600 g Na 2 CO 3 , 0.0865 g NaHCO 3 0.5125 g NaCl, and 1 L distilled water. SRB was selected as the experimental bacterial strain. The medium composition of SRB strains was as follows: 0.5 g KH 2 PO 4 , 0.06 g CaCl 2 , 0.06 g MgSO 4 ⋅7H 2 O, 1.0 g NH 4 Cl, 0.3 g C 6 H 5 Na 3 O 7 ⋅2H 2 O, 6.0 g CH 3 CH(OH)COONa, 1.0 g yeast extract powder, and 1 L distilled water. We put the readyprepared medium in the high temperature steam sterilization pot (120 ∘ C) to sterilize 30 min before starting the experiment. We use glutaraldehyde (C 5 H 8 O 2 ) as the fungicide.
The Experiment Content.
The rectangle crevice device was used to study the SRB corrosion behavior of the metal in the crevice under the disbonded thickness of 0.5 mm and 1.0 mm, respectively. The experimental period was 14 days, and we test the electrochemical impedance spectroscopy (EIS) and polarization curves by the electrochemical workstation in the test period.
The Experimental Results and Discussion
The SRB Corrosion Behavior of the Metal in Different
Solution Environments. As shown in Figure 2 and Table 2 , the self-corrosion potential of the metal in the crevice at the same test point had a little change in the solution without or with SRB in the initial stage when the disbonded thickness was 0.5 mm, and it tended to be stable. But there was obvious potential amplitude of self-corrosion potential in the later stage, and the amplitude affected with SRB was much larger than that without SRB. The self-corrosion potential of the metal without SRB was more negative than that with SRB. With the extension of time, the corrosion current density of the metal in the crevice gradually increased at the same test point in two solutions, and the corrosion current density of the metal affected with SRB was significantly greater than that International Journal of Corrosion Table 1 : The chemical composition of X80 steel (%). without SRB; that meant SRB could accelerate the corrosion rate of the metal in the crevice. The amplification of the corrosion current density in the initial stage was less than that in the later stage in the solution environment with SRB. This was because the metal surface in the crevice would generate a complete microbial membrane in the solution with SRB in the initial stage of corrosion, and it provided protection for the metal in the crevice and inhibited the corrosion. But as time goes on, the corrosive material produced by SRB metabolism damaged the microbial membrane and made it rupture and fall off. At the same time, the depolarization role of SRB was gradually weakened; that made the corrosion rate of the metal in the crevice speed up. In a word, the corrosion current density of the metal in the crevice still gradually increased in the solution with SRB. At the same experimental time, the self-corrosion potential of the metal in the crevice had negative trend whether the solution is with or without SRB as the deep crack extension. The corrosion current density decreased with the increase of the stripping depths in the simulated solution without SRB. But for the solution with SRB, the corrosion current density decreased with the increase of the stripping depths in the initial stage and midstage and increased with the increase of the stripping depths in the later stage of the experiment. In addition, because the ratio of anode Tafel slope and cathode Tafel slope was bigger than 1, we could see that when the disbonded thickness was 0.5 mm, the control factor was anode control. As shown in Figure 3 and Table 2 , when the disbonded thickness was 0.5 mm, the simulated solution with SRB was numbered as No. International Journal of Corrosion that in the No. 2 solution, but the corrosion current density significantly decreased. That meant the growth and reproduction of SRB would be inhibited after adding the fungicide and then slowed down the corrosion rate of the metal in the crevice. As the experiment time goes on, the self-corrosion potential at the same test point shifted toward negative before shifting toward positive, and the corrosion current density increased. This was because fungicide, although inhibiting the growth and reproduction of SRB, meanwhile damaged the integrity of metal surface microbiofilm and made the microbial film protection reduce, so the corrosion speed was still very fast. At the same test time, the self-corrosion potential did not change much with the increase of the stripping depths, but the corrosion current density increased; that was different from the solution only with SRB. In addition, we also could see that when the disbonded thickness was 0.5 mm, the control factor of the corrosion in No. 3 solution was anode control in the crevice at different test point. During the whole experimental period, the change of this ratio presented the irregularity obviously; it was indicated that the motion of charged particles in the SRB solution was irregular after adding the fungicide, and the speed change was larger than before, so the conversion trend of anode control in the whole corrosion process was not obvious. In order to accurately analyze the electrochemical impedance spectroscopy which was shown in Figure 4 , the electrochemical impedance spectroscopy under different conditions was fitted through ZSimpWin software in this article. We use electrochemical equivalent circuit C (CR (CR)) comprised of resistance and capacitance to represent the electrode process. The equivalent circuit diagram was shown in Figure 5 .
was the solution resistance between the reference electrode and the working electrode in the crevice. was the capacitor of adsorption film formed on the corrosion metal surface.
was the adsorption film resistance formed on corrosion metal surface due to the microbial attachment.
was the double layer capacitance between the metal surface and the electrolyte solution.
was the polarization resistance; it was associated with Faraday process and anodic reaction; thus it could reflect the corrosion well, so we would use to characterize the corrosion rate. As shown in Figure 5 , when the disbonded thickness was 0.5 mm, the EIS of every point in the crevice in different simulated solution environment in the seventh experiment day was composed of single high-frequency capacitance and single low-frequency capacitance. The high-frequency section corresponded to the impedance signal of the corrosion product, and low-frequency section was the corrosion reaction of metal substrate. At the same stripping depths, the capacitance arc radius of the metal in solution No. 2 was the minimum, and the capacitance in solution No. 3 came second; the capacitance of the solution without SRB was the maximum. That meant the corrosion resistance of the metal under the disbonded coating in the solution with SRB was the worst, and the corrosion was the most serious. In the solution environment with SRB, the fungicide is added, the corrosion resistance of the metal under the disbonded coating was enhanced, but the corrosion was still very serious, and the capacitance arc radius was far less than that in the solution without SRB. In addition, according to the polarization resistance of various points in the crevice in different solution environment from Table 3 , we could see that the polarization resistance of the metal in the crevice in the solution with SRB was the minimum, the solution with SRB and the fungicide added came second, and they were far less than that without SRB. Therefore, the presence of SRB in the solution would reduce the resistance of the metal corrosion process in the disbonded crevice, which meant that SRB could accelerate the corrosion rate of the metal in the disbonded crevice. The results above were consistent with the conclusions obtained by the method of polarization curves analysis. Table 4 , in the above three kinds of simulated solution, with the increase of the coating disbonded thickness, the self-corrosion potential of the metal in the crevice shifted negatively and the corrosion current density increased obviously. As shown in Figure 6 , when the coating disbonded thickness increased in the simulated solution without SRB, the crevice space became larger, and the dissolved oxygen content increased, and that accelerated the corrosion rate of the metal in the crevice. At the same experiment time, the increase amplitude of the metal corrosion current density in the crevice at the distance of 160 mm was significantly higher than that of 80 mm and that at damaged point; that meant the crevice thickness increased, of the metal which at the longer distance in the crevice had also been supplemental oxygen. In the simulated solution with SRB, as shown in Figure 7 , increasing the coating disbonded thickness, the amplitude of the metal corrosion current density in the crevice was significantly greater than the other two kinds; that meant larger aperture space was suitable for the growth and reproduction of SRB, improving the activity of SRB in the crevice, thus greatly accelerating the corrosion rate of metal in the crevice. As shown in Figure 8 , when the fungicide was added to the simulated SRB solution, the amplitude of the metal corrosion current density in the initial experiment stage was significantly higher than that in the later stage of corrosion with the increase of the coating disbonded thickness. In addition, the ratio of anode Tafel slope and cathode Tafel slope was still more than 1 after increasing the coating disbonded thickness in these three kinds of simulated solution, so the control factor of the corrosion was anode control, but as the coating disbonded thickness increases this ratio had a decreasing trend with and without SRB. The anode control trend was gradually weakened, but this ratio had an increasing trend in the solution environment with SRB and added fungicide, and the anode control trend was gradually enhanced.
The Effect of SRB on Corrosion Behavior of the Metal under Different Disbonded Thickness. According to the electrochemical parameters in
The EIS used the ZSimpWin software for fitting. The electrochemical equivalent circuit C (CR (CR)) was composed of a resistance and a capacitance to represent the electrode process, the equivalent circuit diagram was the same as Figure 5 , and there was no longer a detailed introduction.
As shown in Figure 9 , when the stripping depth was 80 mm, the capacitance arc radius of the disbonded thickness of 0.5 mm was bigger than that of 1.0 mm in the three kinds of simulated solution in the seventh day. That meant the corrosion resistance of the metal in the crevice with the disbonded thickness 1.0 mm was worse; the corrosion was more serious. In addition, according to the polarization resistance of the metal in Table 5 , we could see that the polarization resistance of the metal in the crevice at the thickness of 0.5 mm was bigger than that of 1.0 mm in these three kinds of simulated solution, and the difference of the polarization resistance of the metal in the solution with SRB was the maximum. Therefore, increasing the coating disbonded thickness would enhance the resistance of the metal corrosion process, and it also could accelerate the corrosion rate of the metal in the disbonded crevice. The change of the coating disbonded thickness had a far greater impact on the corrosion rate of the metal in the simulated solution with SRB. The results above were consistent with the conclusions obtained by the method of polarization curve analysis.
Conclusion
(1) Whether the simulated solution is without or with SRB, the self-corrosion potential of the metal in the crevice under the same disbonded distance had little change in the initial experiment stage. In the later stage, the self-corrosion potential of the metal in the crevice had amplitude obviously, and the amplitude in the SRB solution environment was greater than that without SRB. With the extension of the experiment time, whether the solution is without or with SRB, the corrosion current density of the metal in the crevice under the same disbonded distance increased gradually, and the corrosion current density of the metal in the crevice in the simulated solution with SRB was significantly greater than that without SRB; that meant SRB could accelerate the corrosion of the metal in the disbonded crevice.
(2) In the SRB solution where the fungicide was added at the same time, the self-corrosion potential of the metal in the disbonded crevice did not change much, but the corrosion current density significantly decreased; that meant the growth and reproduction of SRB were inhibited after adding the fungicide, so as to slow down the corrosion rate of the metal in the crevice. With the experiment time extension, the self-corrosion potential of the metal in the crevice shifted negatively before moving to positive direction at the same depths, but the corrosion current density was increasing. When the experimental time was the same, with the increase of the coating disbonded depths, the self-corrosion potential of the metal in the crevice did not change much, but the corrosion current density increased.
(3) In the three kinds of simulated solution, with the increase of the coating disbonded thickness, the self-corrosion potential of the metal in the disbonded crevice shifted negatively, and the corrosion current density increased significantly. It indicated that increasing the coating disbonded thickness could accelerate the corrosion of the metal in the International Journal of Corrosion 13 crevice, and in the simulated solution with SRB, the amplitude of the corrosion current density of the metal in the crevice was greater than that in other two kinds of solution.
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